Abstract: The influence of phosphite (H 2 PO 3 -) on the response of Saccharomyces cerevisiae to orthophosphate (HPO 4 2-; P i ) starvation was assessed. Phosphate-repressible acid phosphatase (rAPase) derepression and cell development were abolished when phosphate-sufficient (+P i ) yeast were subcultured into phosphate-deficient (-P i ) media containing 0.1 mM phosphite. By contrast, treatment with 0.1 mM phosphite exerted no influence on rAPase activity or growth of +P i cells.
Introduction
The phosphite 3 anion (H 2 PO 3 -; Ph i ) is a reduced form of orthophosphate (HPO 4 2-; P i ) in which a hydrogen replaces one of the oxygen bonded to the P atom. A P redox cycle is believed to exist in nature, since certain bacterial species appear capable of oxidizing and (or) producing compounds such as Ph i (Metcalf and Wolfe 1998; McDonald et al. 2001 ). Ph i is also an important agricultural commodity that is being widely marketed either as a fungicide or as a superior source of plant phosphorus nutrition (Guest and Grant 1991; McDonald et al. 2001) . It is well established that fungicides based on Ph i are an effective control agent for plant pathogens belonging to the order Oomycetes (particularly Phytophthora sp.) that are responsible for a range of diseases in tropical and temperate crops (Foerster et al. 1998; Guest and Grant 1991) . It has been suggested that the primary site of inhibition of growth by Ph i in Phytophthora sp. lies in the metabolism of PP i , possibly through the inhibition of the inorganic pyrophosphatase (Niere et al. 1994) . However, evidence that Ph i can be directly used by plants as a source of nutritional P is lacking. Although Ph i -treated plants rapidly transport and concentrate Ph i within their cells, it appears to be metabolically inert, and thus, persists in their tissues for extensive periods (Carswell et al. 1996 (Carswell et al. , 1997 Guest and Grant 1991; McDonald et al. 2001 ). This agrees with the view that the levels of Ph i used to control plant pathogenic fungi have no influence on the metabolism or growth of host plants. However, recent research has revealed that low concentrations of Ph i are extremely phytotoxic to P i -deprived, but not P i -fertilized, vascular plants (Carswell et al. 1996 (Carswell et al. , 1997 Foerster et al. 1998; Gilbert et al. 2000; McDonald et al. 2001; Plaxton and Carswell 1999; Varadarajan and Raghothama 2000) . Ph i treatment negates the acclimation of plants to P i deficiency by specifically disrupting the derepression of genes encoding proteins characteristic of their P i -starvation response (e.g., repressible acid phosphatase (rAPase) and high-affinity plasmalemma P i transporters) (Carswell et al. 1996 (Carswell et al. , 1997 McDonald et al. 2001; Varadarajan and Raghothama 2000) . The addition of 2 mM Ph i to the media of rapeseed suspension cells also markedly altered the in vivo phosphorylation status of several polypeptides during P i starvation (Carswell et al. 1997) . Although the exact mechanism whereby Ph i exerted these effects is unknown, it was hypothesized that Ph i intensifies the detrimental effects of P i starvation by "tricking" P i -deprived plants into sensing that they are P i sufficient (+P i ), when their cellular P i content is actually very low.
The baker's yeast, Saccharomyces cerevisiae, is an ideal organism for further experimentation because the components of the signal transduction pathway that regulate its P i starvation dependent rAPase expression are relatively well characterized. In S. cerevisiae, the detection and response to P i deficiency is mediated through the PHO regulon (Lenburg and O'Shea 1996; Oshima 1997) . This pathway regulates the expression of rAPase (encoded by pho5), which is derepressed and secreted into the cell wall or periplasm only when exogenous P i levels are low and only when growing cells have been subjected to this nutritional limitation (Bostian et al. 1983; Lemire et al. 1985; Lenburg and O'Shea 1996; Oshima 1997) . Under P i -sufficient conditions, hyperphosphorylation of the transcriptional activator Pho4 by a cyclin-dependent protein kinase (CDK, encoded by pho85) inhibits Pho4 activity by reducing its nuclear concentration. Pho4 is thereby prevented from interacting with an additional transcription factor, Pho2, to activate pho5 transcription. However, under P i -deficient (-P i ) conditions the cyclin-CDK complex is inactivated, and hypophosphorylated Pho4 accumulates in the nucleus to induce pho5 transcription by up to 1000-fold (Lenburg and O'Shea 1996; Oshima 1997) . The PHO regulon also controls the expression of a high-affinity plasmalemma H + /P i cotransporter (encoded by pho84) as well as several other proteins essential to this pathway (Bun-ya et al. 1991 (Bun-ya et al. , 1992 Yompakdee et al. 1996) .
Much of our current understanding of pho5 regulation has been facilitated by the isolation and characterization of PHO regulon mutants that are defective in P i regulation of rAPase synthesis. As a mutation of the pho84 gene results in constitutive rAPase expression (Bunya et al. 1991 (Bunya et al. , 1992 , it was hypothesized that a P i -transporter complex, consisting of Pho84 and associated proteins, may sense extracellular P i availability to directly regulate the PHO regulon signaling pathway. For this reason, Pho84 is often depicted as being at the top of the PHO regulon (Lenburg and O'Shea 1996; Oshima 1997) . Alternately, defective P i transport of the ∆pho84 mutant ) might result in decreased levels of intracellular P i or some P i -dependent metabolite, which in turn influences the signal transduction pathway (Lenburg and O'Shea 1996) .
The aim of this study was to determine the influence of Ph i on the response of S. cerevisiae to P i deprivation. Initial experiments established that S. cerevisiae responds to Ph i in a manner analogous to that of vascular plants. To further address the mechanism by which Ph i exerts its detrimental effects on P i -deprived S. cerevisiae, we examined isogenic ∆pho84 and ∆pho85 mutant strains. It was concluded that Ph i disrupts the normal perception and response mechanisms of S. cerevisiae to P i deficiency. Moreover, our results suggest that the Pho85 CDK plays an important role in the control of polyphosphate (polyP) metabolism in this organism.
Materials and methods

Chemicals
Bacto-yeast extract, sodium acetate, and phenylmethylsulfonyl fluoride were purchased from MJS BioLynx (Brockville, Ont. 
Yeast strains and culture
Initial studies were conducted using S. cerevisiae Q759. , donated by Dr. P.G. Young (Queen's University). Subsequent studies were performed using isogenic PHO regulon mutants, which are all K699 ade2-1 trp1-1 can1-100 leu2-3 112 his3-11 15 ura3, GAL + , provided by Dr. E.K. O'Shea (University of California at San Francisco). Three strains with this genetic background were examined: EY0057, the wild-type control; EY0105, possessing ∆pho84::his3; and EY0140, possessing ∆pho85::leu2. As EY0105 contains a mutated pho84 gene, it cannot synthesize a functional high-affinity plasmalemma P i transporter. EY0140 possesses a mutated pho85 gene and is, therefore, unable to produce a functional CDK. The constitutive rAPase phenotype of strains EY0105 and EY0140 was confirmed before they were subjected to experiments employing Ph i .
Strains were plated on complete agar solidified media (yeast extract-peptone-dextrose) for 24 h prior to their transfer into P i -sufficient synthetic-complete (SC) liquid media, prepared according to Sherman (1991) with the exception that 11 mM K 2 HPO 4 was replaced by 11 mM KH 2 PO 4 . P i -deficient SC liquid media was prepared by substituting 11 mM KH 2 PO 4 with 20 mM KCl. A 100 mM stock solution of K-Ph i was produced by dissolving phosphorous acid in water and adjusting the pH to 6.5 with KOH. Cells were cultured at 30°C for 24 h in +P i SC media, harvested by vacuum filtration, washed with Milli-Q water, and resuspended in 25 mL Milli-Q water. Aliquots (1-2 mL) of the cell suspension were used to inoculate 25 mL each of +P i SC media +/-0.1 or 0.5 mM Ph i and -P i SC media +/-0.1 or 0.5 mM Ph i (in triplicate). Growth was monitored by following the optical density at 660 nm (OD 660 ). At specified time intervals, the OD 660 of 1 mL of cell suspension was measured; the sample was then frozen in liquid N 2 and stored at -80°C. Yeast for extraction was cultured in 400 mL of liquid media to produce a larger mass of cells.
Enzyme and protein assays
One unit (U) of activity is defined as the amount of enzyme that catalyzes the production of 1 µmol of product/min. All assays were performed in triplicate and were linear with respect to time and concentration of enzyme assayed. rAPase activity was determined spectrophotometrically at 400 nm by using intact cells and measuring the production of p-nitrophenol from the substrate pNPP (Yang et al. 1996) . The rAPase assay mixture (0.8 mL) containing 100 mM Na-acetate (pH 5.0) and 5 mM pNPP was incubated at 37°C for 5 min before the reaction was initiated by the addition of 20 µL of thawed cell suspension. Assays were terminated after 30 min by the addition of 0.2 mL of 1 M NaOH, the OD 400 was determined, and rAPase activity was calculated using the molar extinction coefficient ε 400 of 1.83 × 10 4 M -1 ·cm -1 for p-nitrophenol. For pyruvate kinase (PK) and alcohol dehydrogenase (ADH) assays, cells were extracted (1:5; w/v) at 4°C in 50 mM Tris-HCl (pH 7.5) containing 3 mM MgCl 2 , 20% (v/v) glycerol, 1 mM benzamidine-HCl, 1 mM dithiothreitol, and 1 mM phenylmethylsulfonyl fluoride, using 0.5 g glass beads/mL (425-600 µm diameter) and five 30-s treatments on a Vortex Genie set to maximal speed. Extracts were centrifuged at 17 400 × g for 20 min at 4°C. Aliquots (2.5-10 µL) of the resulting supernatants were assayed at 25°C for PK and ADH activities by continuously monitoring NADH oxidation and NAD + reduction, respectively, at 340 nm, using a Gilford recording spectrophotometer. The PK reaction was coupled to the lactate dehydrogenase reaction and assayed in 1 mL of 25 mM Mes (morpholineethanesulfonic acid) and 25 mM BisTris-Propane-HCl (pH 6.5), containing 5.6 mM phosphoenolpyruvate, 2.4 mM ADP, 0.15 mM NADH, 15 mM MgCl 2 , 100 mM KCl, and 1 U·mL -1 rabbit muscle lactate dehydrogenase (Collins et al. 1995) . The ADH reaction mixture consisted of 1 mL of 50 mM Tris-HCl (pH 7.5) containing 100 mM ethanol and 0.5 mM NAD + . PK and ADH assays were corrected for contaminating NADH oxidase and NAD + reductase activities, respectively. Protein concentrations were determined using a Coomassie brilliant blue G-250 protocol (Bollag et al. 1996 ) and a Dynatech MR-5000 microplate reader with bovine γ-globulin as the standard.
P NMR spectroscopy
For 31 P NMR analyses, 150-300 mg aliquots of lyophilized cells were extracted in cold perchloric acid and neutralized with KOH. The samples were run on a 200 MHz Bruker AC spectrometer ( 31 P frequency is 81 MHz) at pH 7.8. Pulse widths and relaxation delays were set to ensure that signal areas were proportional to the concentration of 31 P nuclei. Chemical shifts were referenced to a methylene diphosphonic acid (1 mm capillary tube) signal set at 16.85 ppm downfield from 85% H 3 PO 4 . The same reference sample was used as a standard to calculate absolute concentrations of different types of P compounds in the NMR sample. These concentrations, the NMR sample volume, and the dry mass of yeast were then used to estimate the number of moles of different types of P per gram of yeast (Niere et al. 1994 ). Peaks were assigned by reference to published chemical shifts. The NMR spectra shown in this paper have been scaled so that they represent extracts from equivalent masses of yeast.
Statistical analyses
Means ± standard error of the mean (SEM) were calculated and statistical analysis performed using SigmaPlot (ver. 4.0).
Results
Influence of P i starvation ± 0.1 mM Ph i on growth of S. cerevisiae Q759.Sc.344
The density of the -P i cells after 24 and 48 h of culture was about 72% and 19% that of +P i cells, respectively, (Fig. 1a) . A resupply of 11 mM P i to the 24-h -P i cells led to a large stimulation of growth over the subsequent 24 h (OD 660 = 1.30 ± 0.05), comparable to that observed with the +P i cells. The addition of 0.1 mM Ph i to the nutrient media abolished the development of -P i cells over 48 h of culture, whereas the growth of the -P i controls continued up to 48 h (Fig. 1a) . Similarly, the addition of 0.1 mM Ph i to the 24-h -P i cells negated any further growth over the subsequent 24 h of culture. A resupply of 11 mM P i to the 24-h -P i + 0.1 mM Ph i cultures greatly stimulated cell development over the subsequent 24 h (OD 660 = 1.21 ± 0.06), indicating that the Ph i -treated cells were still viable. In contrast to -P i cells, treatment with 0.1 mM Ph i at 0 or 24 h exerted no significant influence on the growth of +P i cells (Fig. 1a) . Even when 24-h +P i + 0.1 mM Ph i cells were treated with 15 mM Ph i , the cell density achieved 24 h later (OD 660 = 1.32 ± 0.07) was equivalent to that of the 48-h +P i controls (Fig. 1a) .
Influence of P i starvation ± 0.1 mM Ph i on protein content and on PK, ADH, and rAPase activities of S. cerevisiae Q759.Sc. 344 Protein concentration of the -P i cells (44 ± 2 mg·g fresh wt.
-1 ) was about 20% greater than that of the +P i cells (36 ± 2 mg·g fresh wt.
-1 ). However, when cultured in the presence of 0.1 mM Ph i , the respective protein concentration of each group was not significantly affected (Student's t test, P < 0.05). Similarly, the specific activities of PK and ADH (0.48 ± 0.02 and 1.11 ± 0.01 U·mg -1 , respectively) were not significantly altered by P i starvation ± 0.1 mM Ph i (Student's t test, P < 0.05).
Consistent with previous studies (Lemire et al. 1985; Lenburg and O'Shea 1997) , there was a massive induction of rAPase activity following P i deprivation of S. cerevisiae. By 24 and 48 h following subculture, the rAPase activity of -P i cells was 15-and 90-fold greater, respectively, than that of the corresponding +P i cells (Fig. 1b) . Addition of 11 mM P i to the 24-h -P i cells completely reversed the induction of rAPase activity over the subsequent 24 h culture period (results not shown). When the -P i cells were cultured in the presence of 0.1 mM Ph i , no induction of rAPase activity occurred (Fig. 1b) . Similarly, no further induction of rAPase activity took place when 0.1 mM Ph i was added to the media of the 24-h -P i cultures (after a further 24 h of culture the rAPase of these cells was 0.012 ± 0.002 U·mL -1 ). By contrast, rAPase activity of +P i cells remained uniformly low over 48 h of culture in the presence of 0.1 mM Ph i (Fig. 1b) or even when 15 mM Ph i was added 24 h after the initiation of the +P i + 0.1 mM Ph i cultures.
Influence of P i Starvation ± 0.1 mM Ph i on acid-soluble phosphorus pools in S. cerevisiae Q759.Sc. 344 Representative 31 P NMR spectra of the acid-soluble P compounds in the control and 0.1 mM Ph i -treated -P i S. cerevisiae cultures are shown in Fig. 2 . Table 1 lists the quantitative distribution of P among the major acid-soluble pools in the various samples. There was no evidence for the incorporation of Ph i into phosphorylated metabolites in either +P i or -P i cells cultured in the presence of 0.1 mM Ph i . However, 31 P NMR spectroscopy revealed some major differences in the distribution of P between the various pools of the +P i and -P i groups. Relative to -P i cells, the +P i cells contained much greater levels of most P-containing compounds examined, including 22-fold more polyP, 6-fold more P i , 5-fold more diesters, 4-fold more sugar nucleotides (NDP-sugars), 3-fold more sugar phosphates, and 3-fold more total nucleotides (Table 1 ). Treatment of the +P i group with 0.1 mM Ph i resulted in the accumulation of 1.8 ± 0.1 µmol P·g dry wt.
-1 Ph i , a slight elevation in the amounts of P i , diesters, PP i , and sugar nucleotides, and a 30% increase in the amount of polyP (Table 1) . Ph i treatment of -P i cells, however, resulted in a much greater cellular uptake of Ph i as well as marked perturbations in the concentrations of several phosphorylated metabolites. -P i cells treated with 0.1 mM Ph i accumulated about 12-fold more Ph i than the +P i + 0.1 mM Ph i cells (Table 1) . Compared with the -P i controls, the -P i + 0.1 mM Ph i cells displayed 50% more sugar phosphates, 33% more P i , 25% more sugar nucleotides, 30% more total nucleotides, but 90% less polyP. Levels of diesters and PP i were slightly reduced in the -P i + 0.1 mM Ph i group as compared with the -P i controls (Table 1).
Influence of P i starvation ± 0.5 mM Ph i on growth and rAPase activity of PHO regulon mutants of S. cerevisiae Growth and rAPase activity time-course studies were conducted on isogenic strains possessing no PHO regulon mutations (control, strain EY0057), a nonfunctional high-affinity H + /P i cotransporter (∆pho84, strain EY0105), and a nonfunctional CDK (∆pho85, strain EY0140). Preliminary studies indicated that EY0057 cells cultured for 48 h in -P i liquid media containing 0.1 mM Ph i exhibited about 20% of the growth of the -P i controls, whereas negligible growth was observed when the same cells were cultured for up to 48 h in -P i media containing 0.5 mM Ph i . Thus, 0.5 mM Ph i was subsequently employed to best illustrate Ph i 's influence on the development and rAPase activity of the PHO regulon mutants.
EY0057 (control)
The influence of P i deprivation ± Ph i treatment on the growth and rAPase activity of EY0057 cells paralleled that previously documented for strain Q759.Sc.344. Although the addition of 0.5 mM Ph i to the nutrient media abolished the development of -P i EY0057 cells, it did not influence the development of +P i EY0057 cells (Fig. 3a) . The rAPase activity of the 24-h -P i EY0057 cells was about 55-fold greater than that of the corresponding 24-h +P i cells (Fig. 3b) . However, when -P i EY0057 was cultured in the presence of 0.5 mM Ph i , the induction of rAPase activity by P i deprivation was suppressed by more than 95%. By contrast, rAPase activity of +P i EY0057 cells remained extremely low over 24 h of culture and was unaffected by the addition of 0.5 mM Ph i to the culture media (Fig. 3b) . 
EY0105 or ∆pho84 (nonfunctional high-affinity plasmalemma P i translocator)
The density of the 24-h -P i EY0105 cells was about 10% that of the of 24-h +P i cells (Fig. 3c) . In contrast to strains Q759.Sc.344 and EY0057, treatment with 0.5 mM Ph i did not significantly influence the development of -P i EY0105 cells (Student's t test, P < 0.05) (Fig. 3c) .
That ∆pho84 S. cerevisiae mutants are constitutive for rAPase activity (Lenburg and O'Shea 1996) was corroborated by our observation that at 6 h following subculture, the rAPase activity of +P i EY0105 cells (Fig. 3d ) was more than 20-fold greater than that of the 6-h +P i EY0057 controls (Fig. 3b) . Although the constitutive rAPase activity of +P i EY0105 decreased by about 50% over the subsequent 18 h of culture, it was still about 10-fold more than the rAPase activity of 24-h +P i EY0057. By contrast, the 50% reduction in rAPase activity of the +P i EY0105 cells that occurred between 6 and 24 h was negated when the media contained 0.5 mM Ph i (Fig. 3d) . Interestingly, when the EY0105 cells were cultured for 24 h in -P i media, a significant induction of rAPase activity was observed, which was unaffected by the presence of 0.5 mM Ph i (Student's t test, P < 0.05) (Fig. 3d) .
EY0140 or ∆pho85 (nonfunctional CDK)
The density of the 24-h -P i EY0140 cells was about 35% that of the corresponding 24-h +P i cells (Fig. 3e) . The addition of 0.5 mM Ph i to the nutrient media abolished the development of -P i EY0140 cells over 24 h of culture, whereas the growth of the -P i controls continued up to 24 h (Fig. 3e) . Treatment with 0.5 mM Ph i at 0 h did not significantly alter the growth of +P i EY0140 cells (Student's t test, P < 0.05).
The constitutive expression of rAPase by ∆pho85 mutants (Timblin and Bergman 1997) was confirmed by our observation that at 6 h following subculture, the rAPase activity of the +P i EY0140 cells (Fig. 3f) was about 10-fold greater than that of 6-h +P i EY0057 cells (Fig. 3b) . However, by 24 h the rAPase activity of +P i EY0140 decreased to a value similar to that of 24-h +P i EY0057. Moreover, the rAPase activity of 24-h -P i EY0140 was about 55-fold greater than that of the corresponding +P i cells. When the -P i EY0140 was cultured in the presence of 0.5 mM Ph i , this marked in- 31 P NMR spectra at 81 MHz of perchloric acid extracts of Saccharomyces cerevisiae Q759.Sc.344 cultured for 24 h in -P i media (a) and -P i + 0.1 mM Ph i media (b). Peak assignments: 1, methylene diphosphonic acid (external standard); 2, sugar phosphates and phosphomonoesters (e.g., fructose-6-Phosphate, glycerophosphate, etc.); 3, Ph i ; 4, P i ; 5, diesters; 6, terminal P of NTP, NDP, and polyP (includes PP i ); 7, α-P of NTP, NDP, NAD + , and ribose-P of NDP-sugars; 8, other P of NDP-sugar; and 9, β-P of NTP and nonterminal P of polyP. Table 1 . Quantification of phosphorus in acid-soluble P-containing compounds of Saccharomyces cerevisiae Q759.Sc.344 cultured for 24 h in the presence (+P i ) and absence (-P i ) of 11 mM P i ± 0.1 mM Ph i , as determined by 31 P NMR spectroscopy.
Fig. 3. Influence of Ph i on the growth and rAPase activity of Saccharomyces cerevisiae strains EY0057 (control; a, b), EY0105 (∆pho84; c, d), and EY0140 (∆pho85; e, f).
Cells were cultured for up to 24 h in 0 or 11 mM P i (-P i and +P i , respectively) ± 0.5 mM Ph i as indicated. All values represent means ± SEM of n = 3 of separate cultures.
duction of rAPase activity was largely abolished (Fig. 3f) . By contrast, the rAPase activity of 0.5 mM Ph i -treated +P i EY0140 was not significantly affected during the 24 h culture period (Student's t test, P < 0.05).
Influence of P i starvation ± 0.5 mM Ph i on acid-soluble phosphorus pools in PHO regulon mutants of S. cerevisiae Table 2 lists the quantitative distribution of P among the major acid-soluble pools in the various samples, as determined by 31 P NMR spectroscopy. There was no evidence for the incorporation of Ph i into phosphorylated metabolites in any of the +P i or -P i cells that had been cultured in the presence of 0.5 mM Ph i .
EY0057 (control)
The influence of P i deprivation ± Ph i treatment on the major acid-soluble P pools of EY0057 cells paralleled that previously documented for strain Q759.Sc.344. Similar to strain Q759.Sc.344 (Table 1) (i) P i deprivation of EY0057 for 24 h caused a fivefold decrease in P i as well as marked reductions in the other phosphorylated metabolites examined, and (ii) treatment of EY0057 with 0.5 mM Ph i resulted in 40-fold greater Ph i accumulation during 24 h of culture in -P i versus +P i media (Table 2) .
EY0105 or ∆pho84 (nonfunctional high-affinity P i translocator)
P i deprivation of EY0105 cells for 24 h caused 3-, 4-, and 70-fold reductions in sugar phosphate, P i , and polyP pools, respectively ( Table 2 ). Treatment of the +P i group with 0.5 mM Ph i led to the accumulation of a small amount of Ph i , little change in sugar phosphates and P i , and a twofold increase in polyP. Ph i treatment of -P i EY0105 resulted in about a twofold greater cellular uptake of Ph i than occurred with the corresponding Ph i -treated +P i cells. However, levels of P i and sugar phosphates of -P i EY0105 were not significantly altered by the inclusion of 0.5 mM Ph i in the culture media, whereas the very low polyP pool of -P i EY0105 was eliminated by Ph i treatment (Table 2) .
EY0140 or ∆pho85 (nonfunctional CDK)
Relative to -P i EY0140 cells, the +P i group contained elevated levels of the P-containing compounds examined, including sugar phosphates, P i , and polyP ( Table 2) . The substantial accumulation of polyP (about 450 µmol P·g dry wt.
-1 ) by +P i EY0140 was particularly notable. Ph i treatment of -P i EY0140 resulted in an approximate 100-fold greater Ph i accumulation during 24 h of culture in -P i versus +P i media. The Ph i -treated -P i EY0140 displayed a slight increase in sugar phosphates, a twofold increase in P i , but a fourfold decrease in polyP, relative to the corresponding non-Ph i -treated -P i group (Table 2) .
Discussion
Phi's adverse effects on -P i cultures of S. cerevisiae strain Q759.Sc.344 contrasts with the +P i cultures, which were not influenced by Ph i in terms of cell growth or rAPase activity (Fig. 1) . Analogous results were subsequently obtained with a different S. cerevisiae strain (EY0057). It therefore appears that Ph i 's toxicity is dependent on cellular P i status, such that +P i yeast are largely insensitive to Ph i . The apparent failure to derepress genes encoding enzymes such as rAPase that may be indispensable for yeast acclimation to nutritional P i deficiency provides a compelling rationale for the failure of -P i yeast to grow in the presence of Ph i . As in S. cerevisiae, the toxicity of the Ph i anion against vascular plants and plant pathogenic fungi is largely determined by the concentration of P i present in the growth media (Carswell et al. 1996 (Carswell et al. , 1997 Foerster et al. 1998; Gilbert et al. 2000; Guest and Grant 1991; McDonald et al. 2001; Varadarajan and Raghothama 2000) .
To assess whether Ph i specifically influenced yeast P i -starvation response pathways or if it exerted its adverse effects via a general toxicity to -P i yeast, we determined the activities of two enzymes not associated with the yeast P i -starvation response and the soluble protein concentrations. It was reasoned that if Ph i 's detrimental effects were based upon its general toxicity to -P i cells, then one would also anticipate significant reductions in PK or ADH activity and (or) soluble protein levels of -P i cells cultured in the presence of Ph i . However, as this was not observed, it suggests that the inability of Ph i -treated S. cerevisiae to grow or derepress rAPase during P i starvation was not due a nonspecific toxicity of the Ph i anion.
31 P NMR spectroscopy demonstrated that Ph i is actively assimilated by S. cerevisiae, particularly under -P i conditions (Fig. 2, Tables 1 and 2 ). One can estimate 4 from the data of Tables 1 and 2 that the cellular concentration of Ph i in 24-h cultures of Ph i -treated -P i S. cerevisiae strains Q759.Sc.344 (treated with 0.1 mM Ph i ) and EY0057 (treated with 0.5 mM Ph i ) was about 4 and 20 mM, respectively. As the Ph i -treated -P i yeast were unable to grow, these data suggest that similar to vascular plants -P i S. cerevisiae that have assimilated significant levels of Ph i cannot substitute the P in Ph i for the P in P i . This contrasts with bacteria such as Escherichia coli that can oxidize intracellular Ph i to P i by the products of the phn gene cluster. As the phn genes are induced by P i starvation, -P i E. coli can utilize Ph i as a source of nutritional P (McDonald et al. 2001 ). The precise biochemical functions of the phn gene products of E. coli are unknown, but some are hypothesized to be dehydrogenases, lyases, and transcriptional activators. The existence of a chromosomal region dedicated to the metabolism of reduced P compounds indicates that a redox cycle for P is important in the metabolism of this element by certain bacteria (McDonald et al. 2001) .
The 31 P NMR spectra revealed some notable differences in the amounts of intracellular P-containing compounds. Consistent with recent reports (Liu et al. 2000; , the +P i cells contained significantly greater levels of the various phosphorylated metabolites than did the -P i cells (Tables 1 and 2 ). Ph i treatment markedly perturbed P distribution under -P i conditions. This is analogous to the situation in several Phytophthora ssp., where Ph i -induced growth inhibition resulted in a 3-to 5-fold increase in polyP, a 7-to 35-fold increase in PP i , a doubling of sugar phosphates, and a 0.5-to 5-fold increase in the P i pool (Niere et al. 1994 ). Our results indicate that Ph i treatment of -P i S. cerevisiae resulted in a similar increase in sugar phosphates and P i pools (Tables 1 and 2 ). However, in contrast to Phytophthora sp., PP i and polyP pools of the Ph i -treated -P i S. cerevisiae Q759.Sc.344 were reduced by about 3-and 10-fold, respectively (Table 1 ). The increased intracellular P i pool is curious considering that external P i was absent, and it indicates that Ph i somehow increased the cell's mobilization of internal P stores, as reflected by the dramatic reduction in polyP pools.
To further address Ph i 's influence on S. cerevisiae, two PHO regulon S. cerevisiae mutants (strain EY0105 or ∆pho84 and strain EY0140 or ∆pho85) as well as an isogenic control (strain EY0057) were examined. As with strain Q759.Sc.344 (Fig. 1) , the addition of 0.5 mM Ph i to the nutrient media exerted a marked detrimental effect on growth and rAPase activity of -P i , but not +P i , EY0057 (Fig. 3a) . The rAPase activity of the ∆pho84 and ∆pho85 yeast mutants is typically described as being "constitutive" (Buny-ya et al. 1992; Lenburg and O'Shea 1996; Oshima 1997; Timblin and Bergman 1997) . However, isolation of such mutants is typically performed using a qualitative agar-solidified rAPase activity stain that is overlaid on culture plates containing yeast colonies (Toh-e et al. 1973; . Mutants that cause this stain to turn red during growth on +P i media are classified as constitutive rAPase expressors. Indeed, we initially used the agar overlay rAPase activity stain to confirm that relative to the isogenic control, the ∆pho84 and ∆pho85 mutant strains both exhibited constitutive rAPase activity. However, by also employing a quantitative fixed-timed spectrophotometric APase assay using cells that had been cultured in liquid media, it was revealed that the rAPase activity of the two PHO regulon mutants is not fully constitutive (Figs. 3d and 3f) . The rAPase activity of a different ∆pho84 mutant than that used in the present study was also quantified using a spectrophotometric APase assay with pNPP (Bun-ya et al. 1992) . Under -P i conditions, the activity of its constitutive rAPase was about threefold higher than under +P i conditions.
Although the ∆pho85 mutant also exhibited constitutive rAPase activity under +P i conditions, its rAPase activity was markedly induced following 24 h of culture in -P i media (Fig. 3f) . As the Pho85 CDK is nonfunctional in this strain, it cannot hyperphosphorylate Pho4 to repress pho5 transcription. Thus, a Pho85-independent mechanism must also contribute to the control of rAPase expression. This possibility has been suggested previously and was based on the observation that a S. cerevisiae strain expressing a mutant (nonphosphorylatable) Pho4 was not fully constitutive for pho5 expression; it increased rAPase activity fourfold upon P i starvation (Lenburg and O'Shea 1996) . Of relevance here is that the induction of rAPase expression in S. cerevisiae is mediated by Pho2 and Pho4, transcriptional activators that bind to the pho5 promoter (Lenburg and O'Shea 1996) . P i starvation dependent pho5 transcription necessitates Pho4 dephosphorylation as well as the phosphorylation of Pho2 by a CDC28 kinase (Liu et al. 2000) . Pho2 phosphorylation not only enhances its pho5 transcriptional activation activity but also facilitates a direct physical interaction between Pho2 and Pho4. It is feasible that significant induction of rAPase activity in the -P i ∆pho85 mutant arose because the signaling pathway influencing Pho2's phosphorylation status remains functional during culture of this strain in -P i media.
The ∆pho85 mutant responded to Ph i in a manner analogous to the wild-type strains (for the PHO regulon), Q759.Sc.344 and EY0057. Namely, the addition of 0.5 mM Ph i to the nutrient media exerted a marked detrimental effect on growth and rAPase activity of the -P i , but not +P i , ∆pho85 mutant (Figs. 3e and 3f) . Therefore, although the Ph i signal might originate with Pho84 (see below), it appears to be transduced via a pathway that regulates pho5 expression, which is independent of Pho85. In contrast to the other strains, treatment of the ∆pho84 mutant with 0.5 mM Ph i ex- Note: All values are expressed as µmol P·dry wt.
-1 and represent means ± SEM of n = 3 independent cultures, except for -P i EY0057 and -P i , +Ph i EY0105, which represent the means ± SEM of n = 2 separate cultures. Table 2 . Quantification of phosphorus in several P-containing compounds of two Saccharomyces cerevisiae PHO regulon mutants (EY0105 and EY0140) and an isogenic control strain (EY0057), as determined by 31 P NMR spectroscopy. Cells were cultured for 24 h in liquid media in the presence (+P i ) and absence (-P i ) of 11 mM P i ± 0.5 mM Ph i . erted no influence on its growth or rAPase activity under -P i conditions (Figs. 3c and 3d) . Thus, one target for Ph i action in -P i yeast that express a functional Pho84 protein may be at the level of this high-affinity H + /P i cotransporter. This is consistent with the suggestion that Pho84 may act together with accessory proteins to serve as a P i receptor and sensor complex that perceives the cell's nutritional P i status, and thereby, influences the signal transduction pathway(s) that modulate the transcription of genes characteristic of the P istarvation response (Lenberg and O'Shea 1996; Oshima 1997; Persson et al. 1998 ). The defective Pho84 P i transporter of the ∆pho84 mutant was correlated with a substantial reduction in Ph i accumulation by -P i cells that had been cultured in the presence of 0.5 mM Ph i for 24 h (Table 2 ). Failure to accumulate intracellular Ph i to a critical threshold concentration may have prevented Ph i from impacting on growth or rAPase expression of the -P i ∆pho84 mutant.
The 31 P NMR spectroscopic analysis of the ∆pho84 and ∆pho85 mutants apparently represents the first time that intracellular P metabolites (including P i ) of any PHO regulon mutant of S. cerevisiae have been quantified. It is notable that the P i levels of the +P i and -P i ∆pho84 mutant were not significantly lower than those of the +P i and -P i isogenic control strain EY0057 (Table 2 ). It is conceivable that the -P i ∆pho84 mutant compensates for a nonfunctional Pho84 H + /P i cotransporter by employing the P i repressible Na + /P i cotransporter, Pho89, which displays a similar high affinity for P i as Pho84 . The 31 P NMR data also indicate that P i transporters other than Pho84 must be capable of transporting Ph i into the +P i and -P i cells. Although the Ph i level of the -P i ∆pho84 mutant cultured with 0.5 mM Ph i was about 40-fold lower than that of the corresponding -P i + 0.5 mM Ph i isogenic control or ∆pho85 mutant, it was still almost twice that of the +P i + 0.5 mM Ph i ∆pho84 mutant (Table 2) . Collectively, these data suggest that although Pho84 is largely responsible for the marked accumulation of Ph i by -P i cells that produce a functional Pho84 transporter, the low affinity constitutive H + /P i cotransporter and (or) high-affinity P i -repressible Na + /P i cotransporter are also capable of transferring Ph i into -P i S. cerevisiae.
The 31 P NMR analyses also revealed that polyP levels of the ∆pho85 mutant were at least 400% greater than that of the corresponding ∆pho84 mutant or wild-type (for the PHO regulon) strains (Tables 1 and 2 ). Little is known about the mechanisms that serve to coordinate polyP turnover with the nutritional P i status of S. cerevisiae. The discovery that the ∆pho85 mutant is a polyP hyperaccumulator indicates the need to decipher the involvement of the Pho85 CDK in the control of S. cerevisiae polyP metabolism.
Conclusion
This study establishes that Ph i concentrations comparable to those required to inhibit the growth of plant pathogenic fungi exert a profound detrimental influence on the development of -P i S. cerevisiae strains expressing a functional Pho84 high-affinity H + /P i cotransporter. 31 P NMR spectroscopy indicated that Ph i is assimilated and concentrated by S. cerevisiae, particularly during P i deprivation. Ph i 's suppression of the P i starvation dependent induction of rAPase suggests that -P i yeast that have assimilated significant levels of Ph i sense that they are P i sufficient when their extracellular and intracellular P i contents are actually very low. Most enzymes involved with phosphoryl transfer reactions are known to readily distinguish between the P i and Ph i anions (Carswell et al. 1997; Guest and Grant 1991; McDonald et al. 2001) . However, based on our results it is hypothesized that S. cerevisiae P i -binding proteins that do not effectively discriminate between P i and Ph i include plasmalemma P i translocators (particularly Pho84) as well as the P i "sensing machinery" that perceives and initiates appropriate cellular responses to nutritional P i starvation. It is becoming apparent that the Ph i anion represents a useful tool to manipulate and investigate how yeast and vascular plants monitor, signal, and hence generate an integrated response to P i deprivation.
